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Abstract. The ‘Warm-Arctic/Cold-Continents’ (WACC) winter weather pattern is 17 
investigated using the European Centre for Medium-Range Weather Forecasts 20
th
 18 
Century reanalysis data (ERA20C) spanning 1901-2010. Both the 1920-1940 and 1990-19 
2010 periods are characterized by Arctic amplification (AA) and mid-latitude 20 
continental cooling, although the Arctic warming signal for 1990-2010 is twice as 21 
strong as that for 1920-1940. Significant weakening in the mid-latitude poleward 22 
temperature gradient and zonal wind, wavier upper-level flow character, and strong 23 
regional blocking frequency/intensity changes are also detected during both AA periods. 24 
These results based on statistical analyses highlight the possible role of AA in affecting 25 
mid-latitude weather patterns, but further work is needed to quantify the influence of 26 
AA on particular mid-latitude dynamical features.  27 
 28 
Keywords 29 
Warm-Arctic; Cold-Continents; jet stream; blocking frequency/intensity; Arctic 30 
amplification; mid-latitude weather   31 
 32 
1. Introduction 33 
The increase in near-surface air temperature observed in the Arctic since about 1990 34 
has been almost twice as large as the global average: a phenomenon known as Arctic 35 
amplification, AA (Serreze et al., 2009; Screen and Simmonds, 2010; Wood and 36 
Overland, 2010; Cohen et al., 2014; Overland et al., 2016a). Both observational and 37 
modeling work have suggested that the AA, accompanied by melting Arctic sea ice 38 
and/or increasing Eurasian snow cover, may alter planetary-scale wave activity and the 39 
jet stream in the mid- and high latitudes (Honda et al., 2009; Cohen et al., 2013; Cohen 40 
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et al., 2014; Kim et al., 2014; Mori et al., 2014; Francis and Vavrus, 2015; Kretschmer 41 
et al., 2016; Pedersen et al., 2016; Wu and Smith, 2016; Zhang et al., 2016; Nakamura 42 
et al., 2016a; Nakamura et al., 2016b; Kretschmer et al., 2017; Vavrus et al., 2017). 43 
Thus AA may contribute to anomalous weather events in Northern Hemisphere (NH) 44 
mid-latitudes (Francis and Vavrus, 2012; Jaiser et al., 2012; Liu et al., 2012; Tang et al., 45 
2013; Cohen et al., 2014; Wallace et al., 2014; Kug et al., 2015; Overland et al., 2015; 46 
Cohen, 2016; Overland et al., 2016b), and therefore offers a possible opportunity to 47 
improve extended-range seasonal forecasts for mid-latitudes (Garcia-Serrano and 48 
Frankignoul, 2014; Jung et al., 2014; Walsh, 2014).  49 
Among these anomalous weather events, the ‘Warm-Arctic/Cold-Continents’ 50 
(WACC) temperature anomaly pattern (Overland et al., 2011) that has recently occurred 51 
frequently during NH winter (December-January-February, DJF) (Cohen et al., 2014; 52 
Shepherd, 2016; Cohen et al., 2018), is of particular interest, not only within the 53 
scientific community but also among the general public. WACC is a pattern that links 54 
the warm surface temperatures in the Arctic with cold continental winters. In extreme 55 
cases (e.g., periods in December 2016 and January 2017), the central Arctic was some 56 
20°C warmer than normal in some areas while large parts of Siberia were around 20°C 57 
colder than the climatological mean for the period of 1979-2000 (http://cci-58 
reanalyzer.org/reanalysis/daily_maps/, see the daily temperature anomaly maps). 59 
WACC has been associated with some exceptionally severe winter weather outbreaks 60 
along the US East Coast in the last decade (Cohen et al., 2018), and may even have 61 
affected peoples’ perception of global warming (Capstick and Pidgeon, 2014; Hamilton 62 
and Lemcke‐Stampone, 2014). Whether AA plays a key role in forcing the WACC 63 
pattern is still unclear (Overland et al., 2015; McCusker et al., 2016; Overland et al., 64 
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2016b; Francis, 2017). One of the key challenges is that previous studies have generally 65 
focused on relatively short timespans (typically since around the mid-1990s), and have 66 
struggled to identify robust signals amid the substantial noise of natural variability 67 
(Cohen et al., 2014). More data (e.g., provided by recently-available centennial-68 
timescale reanalysis datasets) are therefore needed before conclusions regarding climate 69 
impacts and feedbacks can be drawn with certainty (Hopsch et al., 2012).  70 
Long-term observational records indicate that the WACC pattern occurred during the 71 
Early Twentieth Century Warming (1920s-1940s) as well as in the post-1990 period 72 
(Brönnimann et al., 2004; Johannessen et al., 2004; Cohen et al., 2010; Van Oldenborgh 73 
et al., 2015; Johannessen et al., 2016).  This allows us to study the characteristics and 74 
factors influencing the WACC pattern during another historical period. Studies suggest 75 
that the earlier warming was mainly due to natural climate variability, while the recent 76 
surface air temperature changes are a response to anthropogenic forcing (Delworth and 77 
Knutson, 2000; Bengtsson et al., 2004; Johannessen et al., 2004; Yamanouchi, 2011; 78 
Thompson et al., 2015; Tokinaga et al., 2017). In this paper, we do not seek to directly 79 
address the causes of the WACC pattern, but instead we compare atmospheric 80 
dynamical features, including the poleward atmospheric temperature gradient, mid-81 
latitude zonal wind, waviness of the jet stream, and blocking frequency/intensity, during 82 
these two AA periods. The similarities and differences help clarify whether the WACC 83 
pattern is mainly associated with either natural variability or anthropogenic forcing.  84 
The paper is organized as follows: Data and methods are described in section 2. 85 
Changes in temperature, poleward temperature gradient, strength of zonal wind, upper-86 
level flow character and blocking frequency/intensity in the periods of AA are presented 87 
in section 3. The main conclusions follow in section 4.  88 
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2. Data and methods 89 
2.1 Data 90 
The primary dataset used in this study is the European Centre for Medium-Range 91 
Weather Forecasts (ECMWF) 20
th
 Century reanalysis, ERA20C (Poli et al., 2016). The 92 
source data are 6-hourly fields of 2-m air temperature, 1000- to 500-hPa (with 100-hPa 93 
interval) winds and geopotential height with a horizontal resolution of 1° latitude × 1° 94 
longitude for the period of 1900-2010 (https://www.ecmwf.int). Anomalies were 95 
calculated by subtracting the mean for each calendar day, averaged over 1981-2010, 96 
from each daily mean at each grid point, so that the climatological-mean seasonal cycle 97 
was removed. The key analyses are repeated using the following datasets: 98 
1) the NASA Goddard Institute for Space Studies’ observational surface temperature 99 
records, GISTEMP (Hansen et al., 2010) since 1880; 100 
2) the ECMWF's coupled ocean-atmosphere reanalysis of the 20
th
 century, 101 
CERA20C (Laloyaux et al., 2017), for the period 1900-2010;  102 
3) the ECMWF’s ERA-Interim reanalysis data (Dee et al., 2011) for the period since 103 
1979;  104 
4) NOAA 20
th
 Century reanalysis version 2C, 20CRv2C (Compo et al., 2011), for 105 
the period since 1850.  106 
Monthly surface temperature records from GISTEMP on a 2° latitude × 2° longitude 107 
grid with 250km smoothing were downloaded from http://www.esrl.noaa.gov/psd/; 6-108 
hourly data of the same fields from CERA20C and ERA-interim were downloaded from 109 
https://www.ecmwf.int with the same horizontal resolution as the ERA20C; daily mean 110 
data from 20CRv2c with horizontal resolution of 2° × 2° were downloaded from 111 
http://www.esrl.noaa.gov/psd/. Anomalies relative to the common period of 1981-2010 112 
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were then calculated on a monthly basis for the GISTEMP, and on a daily basis for the 113 
other datasets. 114 
2.2 MCI index 115 
The Meridional Circulation Index (MCI) is used to measure atmospheric flow 116 
waviness (Francis and Vavrus, 2015). It is defined as the ratio of the meridional 117 
(north/south) wind component to the total wind speed: 118 
 = 	
 × ||
	
 + 

 
where u and v are the zonal and meridional components of the wind. When MCI = 0, the 119 
wind is purely zonal, and when MCI = 1(-1), the flow is from the south (north). The 120 
absolute value of MCI (||) gives the overall waviness of the flow, with a value 121 
close to 1(0) indicating predominantly meridional (zonal) flow (see Figure S6 in the 122 
supporting material: the DJF climatological mean of || and 500hPa wind fields 123 
during 1901-2010). According to this definition, a more meridional flow can result from 124 
either a weaker u and/or stronger v wind component through simple vector geometry. 125 
Daily 500hPa wind components are used to calculate the MCI at each grid point in 126 
ERA20C reanalysis fields. 127 
2.3 Blocking frequency/intensity 128 
As an indicator of blocking, we have used a 2-D blocking index, which is an 129 
extension of the 1-D index defined by Tibaldi and Molteni (1990), referred to as the 130 
TM90 index. It is based on the reversal of the meridional gradient of 500hPa 131 
geopotential height (). Modifications as explained by Scherrer et al. (2006) are 132 
applied to the TM90 index. The geopotential height gradients (defined below) are 133 
calculated at central grid latitudes   (varying between 35°N and 75° N, in 1° steps 134 
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with ERA20C data), with a distance of 15° between  and the northern and southern 135 
latitudes,  and , respectively.  136 
Specifically, for each grid point, we calculated the daily southern geopotential height 137 
gradient (GHGS) and the northern geopotential height gradient (GHGN) as follows: 138 
 =  −  − 15°/15° 
 =  + 15° − /15° 
If the conditions GHGS > 0 and GHGN < -10 m per degree latitude are simultaneously 139 
satisfied, a grid point is defined as instantaneously blocked. If the blocking occurs 140 
within a box of 5°latitude × 10° longitude centered on that grid point for at least five 141 
consecutive days, a blocking event is detected at that point (Davini et al., 2012). These 142 
criteria ensure that the detected episodes have both significant meridional and zonal 143 
extent, are quasi-stationary in space, and are continuous in time. This typically 144 
corresponds to a mature blocking event. 145 
The blocking frequency (BF) is then defined as the percentage of the number of 146 
blocked days at a given grid point compared to the total number of winter days (90 147 
days). This 2-D index has been widely used to investigate the NH blocking variability 148 
(Rimbu and Lohmann, 2011; Davini et al., 2012; Rimbu et al., 2014; Kennedy et al., 149 
2016).  150 
The blocking intensity (BI) index is used to quantify how much the atmospheric 151 
circulation is affected by the presence of blocking. It is a 2-D extension of a BI index 152 
defined by Lupo and Smith (1995). For each grid point where a blocking event is 153 
detected: 154 
 !,  = 100 × $ ∕ & − 1.0(	 
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in which !	and  represent the gridpoint’s longitude and latitude, respectively. MZ is 155 
the value of !, . RC is the height of a subjectively chosen representative 156 
contour with a slight modification made by Wiedenmann et al. (2002): 157 
&!,  = 	
) + 2⁄ + , + 2⁄
2
 
where )  and ,  represent the minimum of the   field within 60° upstream and 158 
downstream at the same latitude  of the chosen point, respectively. By definition, the 159 
minimum value for BI is 0, and higher values indicate stronger events.  160 
2.4 Trend analysis 161 
We have extended the research period back to 1901 by using the century-long 162 
reanalysis product from ERA20C. Linear trends in 2-m temperature, poleward 163 
temperature gradient, zonal wind component, MCI, BF, and BI are calculated for the 164 
periods of 1920-1940 (referred to as period AA1) and 1990-2010 (referred to as period 165 
AA2). It should be noted that AA occurred not only during the AA1 and AA2 periods 166 
but also in the 1950s-1960s, when the Arctic cooled faster than the NH lower latitudes 167 
(Johannessen et al., 2016; Davy et al., 2017). However, since we are mainly concerned 168 
with the WACC pattern, we naturally focus on the AA1 and AA2 Arctic warming 169 
periods. 170 
Trends are calculated using least square regression, and trends significantly different 171 
from zero are identified using the Mann-Kendall (MK) test at the - = 0.05 significance 172 
level (Mann, 1945; Kendall, 1975). The possible effect of temporal autocorrelation on 173 
trend detection (Yue et al., 2002) is considered, following the modification of the MK 174 
test proposed by Yue and Wang (2004). 175 
 176 
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3. Results and discussion 177 
3.1 Changes in temperature and poleward temperature gradient 178 
WACC is a near-surface temperature anomaly pattern that depicts a relatively warm 179 
Arctic with cold continental winters. Cohen et al. (2014) used GISTEMP data and 180 
identified this pattern as positive temperature trends in the Arctic combined with 181 
negative trends in the NH mid-latitudes in general during 1990-2013. In our study, 182 
linear trends in 2-m temperature were calculated based on 90-day records in each DJF 183 
for the AA1 and AA2 periods.  184 
The results indicate that the WACC pattern has appeared in the NH during both AA1 185 
(Figure 1a) and AA2 (Figure 1b) periods. The mean DJF Arctic temperature (referred to 186 
as area-weighted average of temperature in the area of 0°-360°E, 60°-90°N) increased 187 
approximately 1.1°C per decade during the AA2 period, which is over twice as fast as 188 
during the AA1 period (0.5°C per decade). Although the ERA20C only assimilates 189 
surface pressure and marine wind observations, it represents the magnitude and 190 
variability of AA reasonably well (Figure S1a), and in general the difference between 191 
GISTEMP and reanalysis products is much smaller during the AA2 period (Figure S1b, 192 
c, d). This warming signal is particularly strong over Greenland, the Canadian 193 
Archipelago and Barents-Kara Seas. Conversely, the mid-latitude cooling signal is 194 
relatively strong in southern Europe and the Eurasian continent during the AA1 period, 195 
and in the United States and Eurasia during the AA2 period. This regional difference 196 
provides a good opportunity to study the WACC pattern in another historical period. As 197 
an additional comparison, we have applied a similar trend analysis (see details in 198 
section 2.4) to the GISTEMP, CERA20C, 20CRv2c and ERA-interim data. Figure S2 199 
shows a similar WACC pattern during both AA periods in all datasets, but there are 200 
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larger differences between reanalyses and GISTEMP during the AA1 period. This is 201 
mostly likely due to the sparse observation during that period. The high density of 202 
observations during the AA2 period results in a better agreement between GISTEMP 203 
and reanalysis products (see Figure S2 b, d, f, h), whether they assimilate satellite 204 
observations (e.g., in ERA-interim) or only surface observations (e.g., in ERA20C, 205 
CERA20C and 20CRv2c).  206 
AA also results in a smaller mid-latitude-to-pole temperature gradient, but the spatial 207 
distribution of the gradient varies regionally. In our study, the latitudinal thickness 208 
gradient (LTG) was extracted from vertically averaged 1000- to 500-hPa geopotential 209 
height daily fields from ERA20C. The LTG strength, i.e., the slope of the linear 210 
relationship between geopotential height and latitude (metres per latitude, referred to as 211 
m/lat) over every five grid points along the latitudinal line, is considered an alternative 212 
measure of poleward temperature gradient. Arguably thickness change is more relevant 213 
for assessing the effects of AA on the large-scale circulation (which will be our focus in 214 
section 3.2), as it represents warming over a deeper layer of the atmosphere that should 215 
more directly influence winds at upper levels (Francis and Vavrus, 2015). We then 216 
calculated the linear trend of the LTG for AA1 and AA2 periods (Figure 2). There is a 217 
significantly strong decrease in LTG between 45°N-65°N during both AA periods. The 218 
area is confined mainly to the central Atlantic sector during the AA1 period, but nearly 219 
the entire NH during the AA2 period. This may due to the fact that the AA signal is 220 
more pronounced in the Atlantic sector than in the Pacific sector during the AA1 period 221 
(Figure 1 and Figure S2, and also referring to Figure 2 in Wood and Overland (2010)).  222 
3.2 Changes in zonal wind and upper-level flow character 223 
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Changes in poleward temperature or thickness gradients, according to the thermal 224 
wind relationship, affect the zonal wind speed. This means that in areas where the 225 
gradient increases (decreases), zonal winds strengthen (weaken), as shown by Francis 226 
and Vavrus (2015). Figure 3a,b demonstrate the significantly weakened zonal-mean 227 
zonal wind in all levels in the NH atmosphere, especially the upper troposphere, in both 228 
AA1 and AA2 periods. At the 500hPa level in both AA periods (Figure 3c,d),  zonal 229 
wind weakening is greatest in the 45°N-65°N latitude belt, where the significant 230 
decrease of LTG is located (Figure 2). Again, the weakening of zonal wind is mainly 231 
seen in the Atlantic sector during the AA1 period.  232 
Comparisons are also made with other reanalysis datasets. There is a good agreement 233 
among the reanalysis products on 500hPa zonal wind trends (Figure 3c,d, S3c,d, S4c,d, 234 
S5b); ERA20C shows stronger weakening of zonal mean zonal winds above 500hPa 235 
during the AA2 period, while CERA20C and 20CRv2c demonstrate closer pattern to 236 
ERA-interim (Figure 3b, S3b, S4b, S5a); Larger differences exist between 20CRv2c 237 
and (C)ERA20C for the AA1 period, namely stronger weakening of zonal mean zonal 238 
winds above 800hPa in the area north of 65°N in 20CRv2c (Figure 3a, S3a, S4a). This 239 
is probably because 20CRv2c does not assimilate any wind observations.  240 
The changes in zonal wind strength will also affect the total wind direction. The MCI 241 
index was developed as an indication of the wind direction change (see the detailed 242 
description in section 2.2). Figure 4 presents the linear trends in DJF || for winds at 243 
the 500hPa. The significant positive trends in || indicate a shift in the wind vector 244 
to more meridional flow in NH mid-latitudes during both AA periods. This is also 245 
consistent with the locations where the LTG decreased (Figure 2) and where the u wind 246 
weakened (Figure 3 lower panel). However, a more meridional flow can result from 247 
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either a stronger v and/or weaker u wind component through simple vector geometry. 248 
To discern whether a stronger v or weaker u plays the more important role, we fixed u 249 
to its climatological mean (averaged for the period 1901-2010) in the MCI index 250 
calculation (referred to as MCI*). This removes the widespread significant positive 251 
trends shown in Figure 4b (Figure S7b), suggesting that the wavier flow at northern 252 
mid-latitudes is mostly due to the weaker u wind component during the AA2 periods, 253 
while the v wind component contributes over eastern Canada, southern Greenland and 254 
Scandinavia during the AA1 period.  255 
3.3 Changes in blocking frequency and intensity 256 
Francis and Vavrus (2012) and Liu et al. (2012) suggested that reduced LTG would 257 
change the mid-latitude atmospheric circulation by weakening the zonal winds and 258 
increasing meridional flow, which would tend to result in a slower progression of 259 
weather systems and more frequent atmospheric blocking events. These blockings, in 260 
turn, play a key role in determining the mid-latitude weather, as shown in many 261 
previous studies (Carrera et al., 2004; Luo et al., 2016; Chen and Luo, 2017; Xie and 262 
Bueh, 2017). In this section, we will discuss the variability and trends in blocking 263 
frequency and intensity in the NH during AA1 and AA2. 264 
We introduced a 2-D blocking index (see description in section 2.3), and calculated 265 
the corresponding BF as the percentage of the number of blocked days at a given grid 266 
point per winter (90 days). Accordingly, we obtained 110 maps of BF of blocked grid 267 
points, with one map per DJF for 1901-2010. Figure S8a displays the climatological 268 
mean of these maps: 1) the well-known high-frequency areas present over North 269 
Pacific-eastern Siberia, Greenland, Europe and Azores; and 2) two less pronounced 270 
regions over the subtropical eastern Pacific and Ural Mountains. This is similar to the 271 
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BF maps based on other reanalysis datasets and/or other definitions of blocking in 272 
previous studies (Scherrer et al., 2006; Davini et al., 2012; Barnes et al., 2014; Rimbu et 273 
al., 2014). 274 
There is no significant hemispheric-wide increase in BF during the AA1 and AA2, 275 
but clear regional trends include a general increase (decrease) in BF in the Atlantic 276 
(Pacific) sector north of 60°N (within the inner latitude circle in Figure 5a and 5b). 277 
Specifically, BF increased over the Atlantic sector (within a belt stretching from 278 
Greenland eastwards to Scandinavia), the Pacific sector (Alaska and western Siberia) 279 
and Ural Mountain area (Figure 5a and 5b). It also increased in central Europe in the 280 
AA1 period, and in subtropical eastern Pacific during the AA2 period. Given that only a 281 
few regions show trends above the 95% confidence level, the values shown in Figure 5b 282 
are consistent with Barnes et al. (2014), who found a significant increase in BF west of 283 
Greenland and over western Siberia, based on different reanalysis datasets and BF 284 
definitions during 1990-2012.  285 
We also calculated the BI of these blocking events. Figure S8c shows that the 286 
climatological BI maxima appear at the exit area of both the Pacific and North Atlantic 287 
jet streams, and are not always collocated with the location of BF maxima: over eastern 288 
Siberia and Greenland, the BF values are high but BI values are low (in agreement with 289 
Davini et al. (2012)). Overall, the inter-annual variability (shown by the standard 290 
deviation of yearly values) of BI is relatively low compared with that of BF (Figure 291 
S8b,d). BI measures how much the circulation is affected by the existence of blocking, 292 
thus changes in BI may well be associated with the changes of strength and shape of the 293 
upper-level flow. 294 
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There are regional trends in BI, as well. Specifically, the combination of the BI and 295 
BF trend patterns indicate that: 1) during both AA periods (Figure 5), stronger blocking 296 
events tend to happen more frequently in the area between Greenland and central 297 
Europe, over the Ural Mountains, and in western Siberia; weaker events tend to happen 298 
less often over eastern Siberia; and 2) during the AA2 period (Figure 5b,d), weaker 299 
events tend to occur less often in central Europe. These results are in accordance with 300 
stronger blocking since 1990 in the context of a 165-year Greenland Blocking Index 301 
record (Hanna et al., 2016; Hanna et al., 2018), although the increase they reported is 302 
focused in summer (but is still evident in AA2 for winter). Davini et al. (2012) 303 
suggested that the increase/decrease dipole trends pattern in BF/BI in the Pacific sector 304 
is probably associated with an eastward shift of the Aleutian Low center (Overland et 305 
al., 1999). These clear regional features of BF/BI trends indicate that attempts to 306 
analyze the large area-averaged BF variations, e.g., Barnes et al. (2014), may obscure 307 
regional changes. The results mentioned above depend on the accuracy of  in the 308 
reanalysis data. Since ERA20C only assimilates surface observations, we have also 309 
made a comparison of the BF/BI trends during the AA2 period with ERA-interim. 310 
Figure S9 shows very similar trends as those presented in Figure 5b,d, but                                                                                                                              311 
with a more pronounced increase of BI over Greenland in AA2. 312 
The increased frequency of stronger blocking events over the Atlantic sector, Ural 313 
Mountains, and western Siberia may have resulted in more mid-latitude WACC patterns 314 
in DJF during the AA2 period (Overland et al., 2015; Luo et al., 2016; Chen and Luo, 315 
2017). On the other hand, the changes in low-latitude (e.g., south of 45°N) blockings 316 
may have a negligible impact on weather patterns because they are unable to block or 317 
divert the main polar jet-stream flow (according to Davini et al. (2012)).  318 
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It should be mentioned that some model-based studies (Hassanzadeh et al., 2014; 319 
Woollings et al., 2014; Kennedy et al., 2016) suggested a weak or even negligible 320 
Arctic influence on mid-latitude blockings. This can partly be explained by the fact that 321 
blocking features are still poorly simulated by many models (Anstey et al., 2013; Zappa 322 
et al., 2014; Davini and D’Andrea, 2016), and the preferred locations for blocks may be 323 
shifting (Masato et al., 2013). In addition, there is more than one metric to assess 324 
changes in NH blocking (Barnes et al., 2014), and one should be careful when making 325 
direct comparisons among results from dissimilar approaches. For example, 326 
Hassanzadeh et al. (2014) used idealized models to investigate the variations of 327 
blocked-area-per-day at each latitude, and concluded that the weakened poleward 328 
temperature gradient results in a robust decrease in blockings; however, decreased 329 
blocked-area does not necessarily mean decreased blocking frequency. Furthermore, 330 
(Yao et al., 2017) found that while blocks had generally weakened in Eurasia, they had 331 
also become more persistent, which will result in longer-lived weather regimes. 332 
 333 
4. Summary and conclusions 334 
In this paper, the DJF WACC pattern for 1901-2010 has been investigated based on a 335 
set of statistical diagnostics using ERA20C reanalysis products. Rapid Arctic warming 336 
accompanied by severe winters in the mid-latitudes is clearly shown in both AA1 and 337 
AA2 periods. Warming is especially strong in Greenland, the Canadian Archipelago, 338 
and the Barents-Kara sea area in both AA periods, while strong cooling is shown for 339 
southern Europe and the Eurasian continent during the AA1 period, and in the United 340 
States and Eurasia during the AA2 period. We cannot yet say whether the Arctic serves 341 
as an amplifier or a driver of these cold extremes owing to the challenge of detecting 342 
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robust atmospheric responses to AA within a short AA period. However, this study 343 
provides comparative analyses of the WACC pattern in two historical periods of AA.  344 
In terms of large-scale dynamical features, our statistical analysis demonstrates a 345 
significant decrease in poleward temperature gradient and zonal wind strength between 346 
45°N-65°N during both AA periods, which is prominent mainly in the Atlantic sector 347 
during the AA1 period. Accordingly, trends in the absolute value of MCI indicate a 348 
more meridional jet stream in the same latitudinal belt. While there is no significant 349 
hemispheric-wide increase in BF or BI, the regional features in the blocking trends 350 
reveal that stronger blocking events tend to happen more frequently in some high 351 
latitudes regions (i.e., over North Atlantic sector, Ural Mountains, and western Siberia). 352 
The main results have been replicated using GISTEMP, CERA20c, 20CRv2c and 353 
ERA-interim data. Although the ERA20C only assimilates surface pressure and marine 354 
wind observations, it represents the magnitude of WACC pattern, 500hpa u wind trends 355 
and the BF/BI trends reasonably well. Especially during the AA2 period, there is a good 356 
agreement among results from different datasets, whether they assimilate satellite 357 
observations (e.g., in ERA-interim) or only surface observations (e.g., in ERA20C, 358 
CERA20C and 20CRv2c). 359 
We have not directly addressed the causes of the WACC pattern during these 360 
periods. Some studies suggested a connection to the Arctic sea-ice decline (Honda et al., 361 
2009; Liu et al., 2012; Outten and Esau, 2012; Mori et al., 2014; Kug et al., 2015; 362 
Semenov, 2016; Cohen et al., 2018), but other studies find no significant contributions 363 
from sea ice (Woollings et al., 2014; Li et al., 2015; McCusker et al., 2016; Sun et al., 364 
2016). In some cases, the WACC pattern is a result of forcing both from the Arctic and 365 
the lower latitudes (Lee et al., 2015; Francis et al., 2017). On multi-decadal timescales, 366 
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Atlantic Multidecadal Variability also plays important role (Semenov and Bengtsson, 367 
2003; Keenlyside and Omrani, 2014; Peings and Magnusdottir, 2014). Probably there is 368 
no simple cause-and-effect path way in interpreting atmospheric dynamics, because the 369 
response of atmospheric circulation to the AA and other factors is essentially nonlinear 370 
(Petoukhov and Semenov, 2010; Semenov and Latif, 2015; Overland et al., 2016b).  371 
It is worth highlighting that the linear trends in many of these dynamical features are 372 
comparable in terms of magnitude, but noticeably different in spatial distribution 373 
between the AA1 and AA2 period. This may partly due to the fact that the causal 374 
forcings of AA are different for these two periods, as mentioned in the introduction. It 375 
also suggests the need for a more in-depth dynamical meteorological investigation of 376 
regional mechanisms of AA and mid-latitude weather linkages. 377 
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The following supporting information is available as part of the article: 387 
Figure S1. The area-weighted mean of 2-m air temperature anomalies in the area of 388 
0°-360°E, 60°-90°N relative to the mean over the period of 1981-2010. This is shown as 389 
Page 17 of 45
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
a comparison between GISTEMP (black line) and reanalysis products (red line) from 390 
(a) ERA20C, (b) CERA20C, (c) 20CRv2c and (d) ERA-interim.  391 
Figure S2. Trends in DJF temperature over the AA1 (left column) and AA2 (right 392 
column) periods from (a, b) GISTEMP, (c, d) CERA20C, (e, f) 20CRv2c and (g, h) 393 
ERA-interim. Units: °C per decade. The two black circles denote the 30°N and 60°N 394 
latitudes. Only trends above the 95% confidence level are plotted in (c), (d), (e), (f), (h).  395 
In (a) and (b), black dots indicate the area where trends are above the 95% confidence 396 
level, and blank areas denote missing value.    397 
Figure S3. Same as Figure 3, but for CERA20C. 398 
Figure S4. Same as Figure 3, but for 20CRv2c. 399 
Figure S5. Same as Figure 3, but for ERA-interim during the AA2 period. 400 
Figure S6. NH DJF climatological mean of |MCI| and 500hPa wind fields during 401 
1901-2010. 402 
Figure S7. Trends in DJF |MCI∗| (u held constant) over the AA1 (a) and AA2 (b) 403 
periods, with only trends above the 95% confidence level plotted. Units: |MCI∗|value 404 
per decade. The two black circles denote the 30°N and 60°N latitudes. 405 
Figure S8. DJF BF (a) and BI (c) climatology for the period of 1901-2010. Units are 406 
percentage of blocked days in the total number of days per season and BI value per 407 
season, respectively. (b) and (d) are the standard deviation of BF and BI. Note that 1% 408 
BF corresponds to about one blocked day per season. Only values where BF exceeds 409 
1% are plotted. The two black circles denote the 30°N and 60°N latitudes. 410 
Figure S9. Same as Figure 5, but for ERA-interim during the AA2 period. 411 
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Figure Captions 670 
Figure 1. Trends in DJF 2-m temperature over the AA1 (a) and AA2 (b) periods 671 
from ERA20C, with only trends above the 95% confidence level plotted. Units: °C per 672 
decade. The two black circles denote the 30°N and 60°N latitudes. 673 
Figure 2. Trends in DJF latitudinal 1000-500 hPa thickness gradient over the AA1 674 
(a) and AA2 (b) periods, with only trends above the 95% confidence level plotted. 675 
Units: m/lat per decade. The two black circles denote the 30°N and 60°N latitudes. 676 
Figure 3.  ERA20C latitude-height cross-section of trends in DJF zonal-mean 677 
zonal winds over the AA1 (a) and AA2 (b) periods (top); trends in DJF zonal wind 678 
component at 500hPa over the AA1 (c) and AA2 (d) periods (bottom). Units: m/s per 679 
decade, with only trends above the 95% confidence level plotted. The two black circles 680 
denote the 30°N and 60°N latitudes in (c) and (d).  681 
Figure 4. Trends in DJF |MCI| over the AA1 (a) and AA2 (b) periods, with only 682 
trends above the 95% confidence level plotted. Units: |MCI| value per decade. The two 683 
black circles denote the 30°N and 60°N latitudes. 684 
Figure 5. Trends in DJF BF (top) and BI (bottom) over the AA1 (a, c) and AA2 (b, 685 
d) periods. Units: percentage of blocked days with respect to total days per decade and 686 
BI value per decade. Black dots indicate the area where trends are above the 95% 687 
confidence level. The two black circles denote the 30°N and 60°N latitudes. In all 688 
panels, only values where BF climatology exceeds 1% are plotted.  689 
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Figure 1. Trends in DJF 2-m temperature over the AA1 (a) and AA2 (b) periods from ERA20C, with only 
trends above the 95% confidence level plotted. Units: °C per decade. The two black circles denote the 30°N 
and 60°N latitudes.  
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Figure 2. Trends in DJF latitudinal 1000-500 hPa thickness gradient over the AA1 (a) and AA2 (b) periods, 
with only trends above the 95% confidence level plotted. Units: m/lat per decade. The two black circles 
denote the 30°N and 60°N latitudes.  
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Figure 3. ERA20C latitude-height cross-section of trends in DJF zonal-mean zonal winds over the AA1 (a) 
and AA2 (b) periods (top); trends in DJF zonal wind component at 500hPa over the AA1 (c) and AA2 (d) 
periods (bottom). Units: m/s per decade, with only trends above the 95% confidence level plotted. The two 
black circles denote the 30°N and 60°N latitudes in (c) and (d).  
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Figure 4.  Trends in DJF |MCI| over the AA1 (a) and AA2 (b) periods, with only trends above the 95% 
confidence level plotted. Units: |MCI| value per decade. The two black circles denote the 30°N and 60°N 
latitudes.  
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Figure 5. Trends in DJF BF (top) and BI (bottom) over the AA1 (a, c) and AA2 (b, d) periods. Units: 
percentage of blocked days with respect to total days per decade and BI value per decade. Black dots 
indicate the area where trends are above the 95% confidence level. The two black circles denote the 30°N 
and 60°N latitudes. In all panels, only values where BF climatology exceeds 1% are plotted.  
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Figure S1.  The area-weighted mean of 2-m air temperature anomalies in the area of 0°-360°E, 60°-90°N 
relative to the mean over the period of 1981-2010. This is shown as a comparison between GISTEMP (black 
line) and reanalysis products (red line) from (a) ERA20C, (b) CERA20C, (c) 20CRv2c and (d) ERA-interim.  
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Figure S2.  Trends in DJF temperature over the AA1 (left column) and AA2 (right column) periods from (a, 
b) GISTEMP, (c, d) CERA20C, (e, f) 20CRv2c and (g, h) ERA-interim. Units: °C per decade. The two black 
circles denote the 30°N and 60°N latitudes. Only trends above the 95% confidence level are plotted in (c), 
(d), (e), (f), (h).  In (a) and (b), black dots indicate the area where trends are above the 95% confidence 
level, and blank areas denote missing value.    
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Figure S3.  Same as Figure 3, but for CERA20C.  
 
148x111mm (300 x 300 DPI)  
 
 
Page 38 of 45
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
  
 
 
Figure S4.  Same as Figure 3, but for 20CRv2c.  
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Figure S5.  Same as Figure 3, but for ERA-interim during the AA2 period.  
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Figure S6.  NH DJF climatological mean of |MCI| and 500hPa wind fields during 1901-2010.  
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Figure S7.  Trends in DJF |MCI*| (u held constant) over the AA1 (a) and AA2 (b) periods, with only trends 
above the 95% confidence level plotted. Units: |MCI*|value per decade. The two black circles denote the 
30°N and 60°N latitudes.  
 
148x111mm (300 x 300 DPI)  
 
 
Page 42 of 45
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
  
 
 
Figure S8.  DJF BF (a) and BI (c) climatology for the period of 1901-2010. Units are percentage of blocked 
days in the total number of days per season and BI value per season, respectively. (b) and (d) are the 
standard deviation of BF and BI. Note that 1% BF corresponds to about one blocked day per season. Only 
values where BF exceeds 1% are plotted. The two black circles denote the 30°N and 60°N latitudes.  
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Figure S9.  Same as Figure 5, but for ERA-interim during the AA2 period.  
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Title: The ‘Warm-Arctic/Cold-Continents’ pattern during 1901-2010 1 
Linling CHEN*, Jennifer FRANCIS, Edward HANNA 2 
 3 
 4 
• ‘Warm-Arctic/Cold-Continents’ (WACC) winter weather pattern is clearly shown in 5 
both 1920-1940 and 1990-2010 periods.  6 
• Significant weakening in mid-latitude poleward temperature gradient and zonal 7 
wind, wavier upper level flow character, and strong regional blocking 8 
frequency/intensity changes are detected during both periods. 9 
• Noticeable regional differences of trends in these dynamical features between AA1 10 
and AA2 period suggest the need for a more in-depth dynamical meteorological 11 
investigation of regional mechanisms of AA and mid-latitude weather linkages. 12 
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